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CORROSION RESISTANT HIGH PERFORMANCE 
ELECTROCHEMICAL CELL 



CROSS REFERENCE TO RELATED APPLICATIONS 

Priority is claimed to U.S- application No. U.S. plication No. 60/1 12^292, filed on 
Decranber 15, 1998; and U.S. application No. 60/129,401, ffled on April 15, 1999, and each 
10 of these applications is incorporated herein by reference in its entirety. 



The present invention relates to zinc-based alloys land electrolyte additives providing 
resistance to corrosion and inq>roved per&imance as an electrode in electrochsnical cells. 

1 5 The invention also relates to materials for housing electrochemical cells that ameliorate 

corrosion problems. The present invention is particularly qjplicable for zinc-based alloys for 
use in metal-air battery cdls. 

la. conventional zinc-air batteries, the cathode reduces ambient oxygen, v^ch means 
that the battery has only a single consumable electrode. The cathode of a metal-air battery 

20 typically has an active layer of activated carbon, a catalyst, and a binder, which forms a 

networic and holds the carbon together. Embedded within the active lay«r is a metal current 
collector. A guard layer covers the surface of the active layer that faces fee oTitside air, and an 
ionically conducting separator covers the surface that faces the anode. The guard l^er keeps 
electrolyte from leaking out of the cell, and the separator separates the anode ot an electrically 

25 conductive reaction product from the cathode active layer, feereby preventing an electrical 



commonly used current collector although an expanded metal sheet or an ahonative 
30 conductive material can be used, instead. The guard layer can be made ofa sheet of porous 
PTFE, and the separator can be made of a sonipenneable membrane or a porous material 



BACKGROUND OF THE INVENTION 



short 

Polytetrafluoroethyiene (PTFE) is an example ofa suitable material for a binder, and 
manganese oxides and hydroxidea are commonly used catalysts. A nickel screen is a 
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Zipc-aPcalfne cells are known in the art as safe power soiffces having very high energy 
densities. One class of such cells - namely, zinc-air ceils - can use ambient oxygen as one of 
their electrodes, which eliminates the need for such cells to house two consumable electrodes 
in the same casing. Along with the benefits of metal-alkaline cells comes the drawback of the 
5 anode's tendency to corrode, paiticularly in the presence of dissimilar metals and electroij^es. 
Also, metal-alkaline batteries suJSer from relatively poor performance in low teir^eratare 
environments. 

One exanxple of metal alkaline cells, namely zinc air cells, are capable of very high 

energy densities. The components of zinc-air cells are typically lightweigiht and inexpensive. 
10 Although zinc-air cells have hi^ energy density, their power capacity is not ectremely high 

and this is unfortunate since many electronic portable devices diemand relatively large 

amounts of power from thar power sources. 

A known technique for enhancing power performance in metal-alkaline cells is to 

provide high reaction rates by subdividing the metal as finely as possible or using crystalline 
15 forms characterized by high surface to mass ratio. Electrolytic zinc derives its ability to 

increase its power tbrougb its very higfh sur&ce area to mass ratio. Unfortunately, the higher 

surface area also contributes to increased corrosion rates. It is known to alloy metals such as 

rtnr ^th mctals that reduce the corrosion rate. However, electrolytic zinc cannot be alloyed 

easily because of the way it is fimned. 
20 Thamal zinc (powdered zinc fcaxaed by atomization) is susceptible to alloying: 

However, thermal zinc cannot, at present, ^iproach electrolytic zinc's surfiace area to mass 

ratio. 

Zinc-air battery cells typically have casings made, at least partly, of metal. The 
beneficial naaterial properties of metal incliide its ability to serve the multiple purposes of 

25- housing the electrode(s), serving as electrical teiminal(s) of the cell, and as providing a large 
surface- area to act as a low resistance current collector. Its value as a housing material 
derives firom its cost, manu&cturability, strength, and oiha features. Cells can be made firom 
two electrically insulated metal casn^ elements, which act as the opposing temainals of the 
cell, making the cell easy to electrically connect with an electronic device. Further, metal 

30 casings are ine3q)ensive to manufacture, sometimes requiring only a shnple stamping 
operation of athin sheet of metal to form a relatively precisely shs^jed casing element 

Metal casings can exacerbate coixosion by forming a galvanic process with the zinc 
and the electrolyte. Corrosion wastes the cell's energy by consuming the zinc anode. Certain 
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agents have been fo-und to reduce the corrosive effects. However, these corrosion-inhibiting 
agents create certain difSculties and tend to inhibit the power edacity of the cell. 

The parasitic corrosion of zinc produces hydrogen gas. Hydrogen, if not permitted to 
escape JBrom the casing of the cell, can cause the internal pressure of the cell to rise. An 
5 increase in the internal pressure of the cell can cause the cell to electrically short, swell, leak 
electrolyte, and potentially burst 

Zinc-air battery cells typicaUy perform poorly in low temperature environments. As 
the temperature decreases, the viscosity of the electrolyte mcreases, which can lower the 
power capacity and overall energy capacity (given a minimum-volt^e requirement for 
10 usability) of the cells. 

Zinc-air battery cells are also susceptible to feilure due to sudden shocks. Sudden 
^ocks can significantly and temporarily reduce the discharge voltage of the cell. These 
shocks can cause the electronic device to temporarily lose power. In certain applications, a 
temporary loss of power can have significant adverse effects. For example, a transient loss of 
15 power in a cellular phcme may result in discomwction. 

STTMMATtV OF THE P TyENTlON 

It is a princq)al object of the invention to provide an electrochemical cell having zinc 
electrodes with improved corrosion resistance and hi^er performance, particularly at Tow 
20 temperatures- It is a further object of the invention to provide a metal casing ftat can 

eliminate or significantly inhibit the reactivity between a zinc-based anode and a metal casing. 

Electrolytic zinc, with its hi^ current generation potential, is mixed -with thermal zinc, 
which can then be mixed with corrosion-inhibiting agents. In the alternative, the corrosion- 
mhibiting agents can also be alloyed with the thermal zmc, during its formation or o&erwise, 
25 and then be combined with electrolytic zmc. In the fomiation of pure electrolytic zmc, the 
corrosion-inhibiting metals are less prone to aUoy with the zinc anode. The addition of these 
agents significantly reduces the rate at which tiie zinc corrodes. 

In certain mixtures of electrolytic/thermal zinc, the two types of zinc can be mixed 
together and pressed to form into a plaque. The formation of a plaque may eliminate the need 
30 to add a gelling agent The result is a somewhat rigid structure that is capable of being placed 
in the cell instead of being extruded in the cell. The structure of the zinc significantly 
improves the manufactarability of the cell. 
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A typical tri-clad metal casing is made of layers of nickel, stainless steel, and copper, 
with the layer of copper on the inner surface of the casing element and the layer of nickel on 
the outer surface of the casing element The combination provides strength via the stainl«s 
steel, better electrical connectivity through the addition of the nickel, and a reduction in the 
chemical reactivity between the layer of stainless steel and the zinc anode through the use of 
copper. A layer of tin on top of &e layer of copper can ftother reduce the rate of corrosive 
activity by separating the zinc/electrolyte mixture from the metal casing. This layer can be 
added by soldering, electrolytic plating, or by an elecHpless process. 

The performance of the zinc anode, especially in low tenqjcrature environments, can 
improve through the addition of low viscosity diluents and/or alumina. The addition of 
diluents such as isopropanol have been found to increase the discharge voltage of the cell wi& 
a minor decrease in energy capacity. The addition of alumina increases tibe energy edacity of 
the cell by iq) to 20%. The combination provides both benefits. 

The invention will be described in connection with cortain preferred embodiments, 
with reference to the following illustrative figures so that it maybe more fully understood. 

WrQi reference to the figures, it is stressed that the particulars shown are by way of 
example and for purposes of illustrative discussion of the preferred embodiments of the 
present invention only, and are presented in the cause of providing what is beheved to be the 
most usefiil and readily understood description of the princq)les and conceptual aspects of the 
invention. In this regard, no attempt is made to show structural details of the invention in 
more detail than is necessary for a fundamental understanding of the invention, the 
description taken wife the drawings making apparent to those skilled in the art how the 
several forms of the invention may be embodied in practice. 

BRIEF DESCRIPTION OF T WIT. DRAWINGS 

Fig. 1 is grs^ihical representation of discharge voltages of two snnilaiiy sized battery 
cells with zinc anodes having a different porosity. 

Fig, 2 is graphical representation of the discharge voltages of five similarly sized 
battery cells with zinc anodes having different porosity and polyethylene glycol (PEG) 
content The representation shows the effect that a sudden jolt has on differently configured 
battery cells. 

Figs. 3 and 4 show the effect that the additions of a diluent and alumina to a metal 
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anode have on the perfonnance of a battery cell eiq)Osed to a low temperature environment. 

Fig. 5 shows a cross-sectional representation of a tri-clad metal anode casing element 
of successive layers of nickel, stainless steel, and copper. 

Fig. 6 shows an alternative cross-sectional represoitation of a tri-clad metal anode 
5 casing element with a layer of copper on both sides of a layer of stainless steel. 

Fig. 7 is a schematic section view of a typical zinc-air battery cell that can make use of 
the air cathode of the present invention. The schematic is intended only to illustrate 
relationships between various components. 

Fig. 8 is schematic section, partial perspective, view of an air cathode illustrating some 
10 of the embodiments of the invention. 

PFSCRIPTION OV THE INVENTION 

The cathode described herein is intended for use m electrochemical cells or fuel cells. 
It is especially intended for use in primary metal-air battery cells, and especiaUy zmc-air cells. 
15 The cells may be any suitable shape and be arranged in a housing that is liberally supplied 
with openings to allow air gases to be exchanged between the ambient air and the enclosed 
cells. The cells can have a housing ofmetal, plastic or any other suitable material. Each cell 
may have an array of air holes, such as used m zinc-air button cells, in such number and size 
as to allow oxygen to be si]?)phed to a cathode inside the celL The air holes of each cep may 
20 face either a plenum or the casing wall. The air holes are uniformly distributed, sized, and 
present in such number so as to insure that the cathode is not starved for oxygen, which could 
cause a drop m voltage. As an alternative to holes, the cell may use a semipermeable 
membrane or structure that permits the difiusion of gases through the membrane or stnicture. 
Refcuing to Hg. 7, each of flie cells 5 contains at least one air cathode 20 and at least 
25 one zmc anode 25 with aqueous alkaline electrolyte (e.g., KOH). The calhode 20 Hes 

adjacent a cathode side of the cell casing 2 and may be separated from that side by a difiuser 
50. The difiuser 50 distributes oxygen from holes 60 in the cathode side of the cell 2 across 
the surface of the cathode 20 and keeps the cathode 20 at afixed distance, equal to the 
^Sasa's 50 thickness, from the cathode side 2 of the cell 5. The difEuser 50 may be a porous 
30 material such as woven, knitted, or non-woven cloth or extended plastic mesh material. It 
may act as a standoff to prevent the air-side surface 22 of the cathode 20 from smothering any 
of the holes 60 when an expansion of the zinc anode 25 causes the surface to press against the 
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inside wall of the cathode side of the cell 2. The holes 60 in the cathode side of the cell 2 are 
^miformly distributed across the primary plane 70 of the cathode side of the cell. 

The casing 1 / 2 of the cell may be fomied in two halves, an anode side 1 and a 
cathode side 2 as in Fig. 7. The cell casing 1/2, may be formed of any suitable material. If 
5 the casing 1 / 2 is made of metal or any other conductive material, the two halves 1 and 2 
should be insulated from one another, in either case, to form a primary seal 80, the ca^ode 20 
may be attached to, or sealed against, the cathode side 2 of the cell casing . 1 / 2. The primary 
seal 80 may be effected by pressure, adhesive, or any other suitable means to prevent liquid 
electrolyte from leaking into the space occiqjied by the diffixser 50. That is, the primary seal 

10 80 prevents liquid electrolyte from seeping around the ca&ode 20 into tiie area e^qjosed to the 
outside air. A secondary seal 10 between the anode side of the cell 1 and the cathode side 2 
prevents aqueous electrolyte from seeping around to the edge of the cathode 20 or leaking out 
of the cell 5. In the embodiment of Fig. 7, the secondary seal 10 is formed by a grommet 90, 
which also serves to insulate the anode side 1 and cathode side 2 of the cell casing 1/2 from 

1 5 each other. Pressure, an adhesive, or flowing sealant, or other suitable means may be used to 
effect the s«x>ndary seal 1 0. 

Referring to Fig. 8, in an anbodiment, the cathode consists of multiple layers witii the 
middle layer being an active layer 120 composed primarily of carbon, PTFE, and a catalyst 
for reducing oxygen. Note that Fig. 8 is not to scale. The active layer 120 is the location 

20 where the oxygen reduction reaction takes place in the presence of the catalyst Asq)axator 
layer 100 which may beprelaminated to the active layer 120 can be made from microporous 
hydrophihc polypropylene (PP), polyefeylene, PVC, cellophane, nylon, Celgard®, or other 
materials exhibiting similar propert ies. In some applications, the pore size of tihe separator 
100 is in the range of about 0.25 micron to 2 microns instead of the more typical average pore 

25- size of less tli^ 0.25 micron used in other battery £^licati<»is. The larger pore size is 

sufficient to limit electrical shorts from crystallization of zinc oxide in the separator layer 100, 
and still permit enhanced wetting of the cathode active layer 120 witii KOH sohition. Other 
types of separator materials that may provide better cathode performance include microporous 
polyefliylene or polypropylene whose hydrophilicities .are enhanced by radiation graffing. 

30 Another class of suitable sqparator materials is semipermeable membranes based on 

cellophane, polyethylene, PVC, nylon, and polypropylene, for example, ZAMNft-O supplied 
by Pall SAI Corp. An additional non-woven, absorbent material can be added between the air 
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electrode and the microporous separator or between the microporoTis separator and the zinc. 
The purpose of this is to provide an electrolyte reservoir. 

The following processes may provide the preferred composition of the electrode active 
layer 120. The quantities are representative only and the quantities and proportions may be 



5 varied. 

1 . 240 g Mn02 powder (Aldricfa Chemical Company, Milwaukee, Wl) is 
milled for 24 hours. 

2. Add 2000 cc deionized water and heat to 85*C while stirring. 

3. Slowly add 800 g activated carbon (Darco G-60 from American Norit, 
10 Atlanta GA). 

' 4. Slowly add 288 cc PTFE suspension (grade 30-N from DuPont). 

5. Contintte stiiring for an hour. 

6. Filter and then dry at 120°CfOT about 5 hours. 



An alternative process for making an active layer that starts wife KMn04 instead of 
15 MnQt is described in US Patent 3,948,684, the entirety of which is incorporated herein by 
reference. 

Embedded within the active layor 120 is a carrent collector 140 commonly formed of 
a metal, for exanqile, a nickel, screen. Mckel^lated or nickel-clad steel, gold-plated metal, 
or other materials could also be used. A plastic element coated or clad with a conductor could 

20 even be used. It is preferred that the current collector 140 of the cathode be treated or - 

constructed in such a way as to provide high surface area and low electrical resistance. The 
fonnatioii of oxide on the surface of a metal mesh current collector or a thin film of 
electrolyte on the hydrophilic surfece of the cnrrent collector may limit the power capacity of 
the battery cdL One way to deal with this is to coat the current collector with a coating of a 

25 non-coiToding metal finish. However, merely coating the cunrent collector will not eliminate 
the disadvantages of remaining hydrophilic. Another option is to paint fee electrode wife a 
hydrophobic conductive paint Hydrophobic conductive paints have other advantages over 
metal finishes. Gold and silver are the only metals that can be coated on a cathode mesh and 
still provide reasonable conductivity. Bofe are very expensive. Moreover, a silver coating is 

30 sli^tly soluble in alkaline electrolytes, which may lead to an increased conosion of fee zinc 
anode. 

TMs paint may be appHed before the cafeode active layer is combined with the cuirent 
collector. A preferred paint is a mixture of fee following: 

7 
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L Fluorinated ethylene propylene copolymer (FEP) (Diipont 120-N or 

121 A) or some other thermoplastic, (e.g. polyolefin) preferably a 
fluoropolymer. 

2. Isopropyl alcohol or some other suitable solvent (oflier alcohols, 
5 ketones, chlorinated hydrocaihons, ete.) 

3. Acetylaie carbon (Shawinigan carbon black made by Chevron) or 
some other suitable fonn of carbon, preferably hydrophobic, such as 
grs^hite. 

A rqjresentative batch of paint may be formed of 1400 cc isopropyl alcohol, 108 cc 

10 FEP and 20 g acetylene black. The paint may be sprayed, or sailed by any alternative 
suitable means, onto a mesh at a loading of 0.72 mg/cm^. this loading is only an sample, 
and higher or lower loading values may also be used. vThe coated mesh is then baked in an 
oven at 290-330*C to sinter the FEP and bond it to the metal current collector, e.g., woven 
nickel mesh. The actual sintering temperature, in qjplications of ihs present invention, may 

15 depend i^n the particular thermoplastic used. Note tiiat, in action to sintering a sinterable 
material siich as FEP, materials that can be melted to form a coherent mass could also be iised 
in r^lacement of the sinterable material to bond the coating in place. The painted current 
collector may be heated by microwave, infrared, RF, or ultrasonic means instead of heating 
the coated mesh in an oven. The siatered coating forms a continuous hydrophobic conducting 

20 coating that protects against the corrosion or the oxidation of &e metal mesh material. The 
sintering step also removes the sur&ctant in the FEP emulsion. It has been foimd that an air 
electrode with this coating laminated to a suitable separator and tiien iiuoiporated into a zinc- 
air cell of area 10 cm* (2.5 cm. by 4 oil) gave a steady state voltage 250 mV hi^cr than an 
air electrode without tbis coath^ when discharged at a constant 0.47A. 

25- To provide for high current c^ability in zinc-air batteries, flie cathode should be fully 

saturated with electrolyte. The cathode tends to dry out as a result of water evaporating fosm 
the cell and as a result of watos of hydration being drawn away ftom the cathode when zinc 
oxide forms during discharge of the cefl. The addition of hydrophilic agents to the catiiode 
ameliorates this dryout effect For example, cellulosio jnaterials such as Natrosol ® 250 

30 MBR hydroxyethylcellulose (HEQ may be added to the cathode material (finely divided and 
added to the active layer mixture). As moistors leaves the cathode during discharge, the HEC 
holds onto tbis moisture and makes it available in the cathode despite the progressive drying 
of the cathode. A similar material has been used as a monolithic layer, but the incorporation 



wo 00/36685 



PCT/IL99/00681 



of the material in its finely divided form inside the cathode active layer helps to insure that 
moisture is held where it is needed. The following is an example construction of a cathode 
material using Natrosol. 

240 g. of Mn02 powder (Aldrich Chemical Company, Milwaukee, WI) 
is ground finely in a mill for 24 hours. The MnCb is then poured into 2 liters of 
deionized (DI) water and heated to SS^C. Add 800 g. of Darco G-60 carbon 
(American Norit, Atlanta GA) while stirring. Then add 288cc of Dupont 30-N PTFE 
suspension. Continue stirring for one hour, and thai filter and dry at 120*'C for 5 
hours. 

Slowly add 200g of the active mass made above to 5 liters of DI water 
stirred at SS'C. After all the caibon is in suspension, add 2 grams of Natrosol (gradC 
250MBRfix>m Hercules). Continue stirring under heat until dry. 

The active mass treated with the Natrosol® is spread evenly over a 
nickel mesh (40x40 mesh 0.005 mm dia. nickel &am National Standard) and pressed 
to make an active layer of an air electrode. A porous PTTE sheet is then pressed on 
one side of the active layer. 

The air electrode fixan above is then laminated with a microporous 
polypropylene fihn (grade 3501 fixMn Celgard®) separator. The air electrode and 
separator laminate is then assembled into a zinc-air cell of area lOcm^ containing 3.1g 
zinc and 2.4g 8M KOH solution, and the complete cell closed by crimpmg. 

Testing Technique - The test cell and a control cell that does not 
contain the Natrosol® are exposed to a 25-30% relative humidity (RH) environment 
for a period of 7 days. After 7 days the cells are discharged under a load followmg a 
GSM profile, which is one of the standard profiles used by mobile communication 
devices for communicating with ground stations. GSM is a galvanostatic square wave 
profile consisting of 13A for 0.6 msec and 0.08A for 4.0 msec. The discharge cycle 
spans one hour (0.2Ah): The cells are then returned to the low humidity environment 
This discharge cycle is repeated every 3-4 days until file cells feil Failure is defined 
as the high current voltage falling below 0.9V. 

Results - On the initial test after 7 days, both types of cells had a 
voltage above 0.9V. But when tested after a' total of 11 days esposurs to 25%RH, the 



wo 00/3668:, 



PCT/IL99/0068I 



cell without Natrosol® failed. The cell with Natrosol® continued to work in. similar 
tests over a period totaling 25 days in a 25%RH environment. 
In Fig. 8, which shows a cross-section of the cathode, there is a guard layer 160, 
preferably formed of a PTFE film, laminated to the side of the active layer facing the air 
5 holes. The guard layer 1 60 allows oxygen to enter the cathode while preventing liquid 
electrolyte from leaidng out This Isycr 160 is preferably unsintered and highly porous to 
gases. The preferred porosity is at least 30%, but it is desirable to provide a guard layer that is 
even more porous. Porosity of 50% or more are even more preferable. The preferred 
tiiickness of the guard layer is no more than 100 microns. 
10 visible in Fig. 7, an unconipressedPTTEfihn 85, which is separate from the 

laminated structure of the cathode 20, is uncompressed by any laminating process used to 
form the cathode structure shown in Fig. 8. During the -manufacture of the cell, the grommet 
90 forces the cathode 20 against the caOiode side of the cell 2, hereby compressing the 
previously uncompressed PTFE film 85. This helps to foam the primary seal 80, which 
15 isolates the volume of the cell that is in conxmunication with the outside air from the 

electrolyte as described above. Since the film 85 is initially uncompressed, it can act as a 
gasket to create or augment the secondary seaL Also, as discussed above, other means may be 
used to effect Has seal 80 and fhc uncompressed PTFE layer 85 is not essential for tins 
purpose. The PTFE layas - the guard layer laminated to the cathode and the uncompressed 
20 layer - allow air to diSuse into the cathode while preventing liquid from leaidng out 

In production, the active layer 120, the separator sheet 1 CO, and the guard layer 160 
may be laminated together to form a single structure. Rqnresentatively, the dimensions of the 
active layer and the separator layers are 0.20-0.50 mm and 0.025-0.25 mm, respectively. The 
actual dimensions depend on the application and can be any suitable thickness. It is 
25- preferable that the final pressure used to laminate all the layers together not be too hi^ 
It has been found that an active layer density of less Him 1 g/cc is a suitable for 
attaining high current densities. It has been found that an active layer density of 0.8 g^cc is 
achievable .and provides even greater current daasity potential It was found diat a PTFE 
layer with a porosity greater than 50% and a thickness.less than 100 microns and an active 
30 layer with a density less than 1 g/cc, and preferably less than 0.8 g/cc, exhibits a substantially 
higher limiting current than prior art cathodes. Together, these improvements produce an air 
electrode with a limiting current greaia- than 400mA/cm^ with a voltes greater than -300mV 
as compared to a Hg/HgO refs-mce electrode at room temperature. 
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Still another feature that has been found to result in higher performance is a roughened 
surface on the cathode active layer facing the separator. Such a surface can be obtained by 
pressing the surface with an irregularly surfaced mold to form an imprint. Alternatively, 
various abrasion techniques, such as brushing, air blasting, or sandblasting; or various heat 
5 treatments, such as partial oxidation, can be used. The average roughness (Ra) of the surface, 
as measured by ANSI B46. 1-1978, should be on the order of 10-100 microns instead of the 
usual 0.1-1 microns. 

The combining of thermal zinc and electrolytic zinc to form a zinc mixture results in a 
zinc anode that is capable of generating.relatively high current and combining with many 

10 performance inci^easing additives, such as corrosion inhibiting agents. Electrolytic zinc is 
formed by subjecting zinc to an electrolytic process, which results in a form of zinc that is 
porous and that has a high surface to mass ratio. The process includes directly electroplating 
metallic zinc onto a current collector £:om a solution of zinc ions. The porous zinc that results 
fi-om the process exhibits siqjcrior electrical conductivity and is cj?>able of gmerating more 

1 5 power than a less porous zinc. Referring to Fig. 1 , the graph plots the voltage ou^ut over 

time of two battery cells subjected to tihe same load. line A represents the voltage ou^ut of a 
battery cell containing electrolytic zinc, and line B represents a battery cell cont aining thermal 
zinc. Fig. 1 clearly shows that electrolytic zinc (Line A) provides an increase of 
s^jproximately 0^ volts or approximatefy 20% to the volt^e output of the battery celL 

20 Although the electrolytic process is beneficial in that it results in a zinc c^able of 

generating high currant, the electrolytic process is not suitable for forming particles 
containing corrosion inhibiting metals alloyed to the zinc. Thermal zinc, on tiie other hand, is 
enable of combining with corrosion inhibiting agents and is formed by atomizing molten 
zinc to fcmn a zinc powder having a particle size distribution of between 0.0075 to 0.8 mm 

25 and a surface area ofbetween0J2- 0.4 m^/g. Thermal sdnc can then be combined with 
corrosion inhibitors, a gelling agent and a KOH solution to form a gelled mass enable of 
being extraded.to form a zinc anode. 

A mixture of thermal zinc with electrolytic zinc results in a combination exhibiting 
beneficial qualities of both thcnnal and electrolytic zinc. A gelling agent may be added to the 

30 mixture to form a zinc siuny. A mixture containing 10% to 50% electrolytic zinc is 
preferable. 

At the higher end of the spectrum (50% electrolytic zinc), a gelling agent may not b e 
necessary. The mixture can be combined and pressed together to form a porous, rigid, plaque. 

11 
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The plaque maintains its shape due to the dendritic structure of electrolytic zinc tangling with 
the structure of the thermal zinc. The dendritic branches of electrolytic zinc tangle with each 
other and also with the thermal zinc to hold the powder-like thermal zinc. One advantage of 
fonning a plaque structure is that the plaque can be placed in the casing. Normally, a gel-like, 
ziBC bolus is dispensed in the casing and the manufacturer must provide time in the assembly 
process for the zinc to settle and spread out to fill the casing. 

The addition of polyethylene glycol (PEG) to the zinc electrolyte mixture can reduce 
the rate by which the zinc corrodes. The effect of PEG on zinc corrosion was evaluated using 
PEGs with differing molecular weights. Refening to Table 1 below, PEG-600 and PEG-1500 
were found to be most effective in this demonstration, with higher concentrations resulting in 
better corrosion rwistance. 

TABLE 1 



Concentratioii, 
ppm 


Corrosion rate (%/week) 


PEG-600 


PEG-1500 


PEG-1 0,000 


500 


0.009 


0.007 


0.017 


1000 


0.008 




0.018 


1500 


aoo6 


0.006 


0.017 


2500 


0.005 


0.006 


0.018 


3000 


0.006 


0.006 


0.018 


4000 


0.004 


0.004 


0.017 


5000 


0.002 


0.004 


0.016 



The addition of PEG to the "^rtr. anode also increases the cell's resistance to sudden 
shocks. Sudden mechanical shocks to the cell can cause the discharge volt^ to significantly 
and temporarily drop. This voltage drop can significantly and adversely affect the operation 
of the device powered by the cell The effect is more pronounced in zinc-air cells with zinc 
anodes made of electrolytic zinc. 

A large Tnitrirmim particle size can contribute substantially to a low corrosion rale. A 
particular zinc anode material was obtained by removing the smallest fecuon of particles, 
those below 100 microns, from a batch of zinc particles, hi test samples, the starting material 
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was Mitsui thermal zinc, 50 to 500 microns. The smallest fraction, below 75 microns, was 
removed by sieving. The results of tests of samples of the big zinc particles shows a very low 
corrosion rate. The following are results of corrosion tests on various batches of zinc 
material, some in combination with PEG or PbO. 



Table 2 





Conosion rate 


No 


Type 


IR 


Rp 




Cap 
[Ah] 


0% 


20% 


50% 


1 


Small pardcles- 
38-75fi 


.055 


30 


1.1 


23 


023 


034 


0.9 


2 


Big particles- 
250-500jt 


0.08 


150 


1.13 


2.7 


.0.04 


QJ. 


0.35 


3 


lOOppmPEG 


0,07 


880 


1.01 


2.6 


0.05 


.021 


0.28 


4 


200ppmPEG 


0.1 


1150 


1.055 


235 


0.05 


.011 


0.2 


5 


In coating 


0.1 


80 


1.11 


ZS5 


0.15 


.02 


0.5 


6 


SOOppmPbO 


0.1 


70 


1.04 


2.6 


0.25 


.04 





Six samples were tested. The first sanqile consisted of small particles of zinc in the 
range of 38-75 microns. The rest of the samples contained large particles of zinc in the range 
of 250-500 microns. The second sanqile had no additives. The third and fourth contained 
100 and 200 ppm PEG-600 in the electrolyte. The fifth sanple had an indium-coated lining 
adjacent the zinc. The sixth sample contained 500 ppm PfaO. Table 1 shows thjs results 
corrosion tests in which the cells were discharged at 0.47 A. The table headings are defined 
as follows: IR is the resistance ofthe test cell. Rp is the passivation resistance. Vpiatisthe 
plateau exhibited by the voltage a^. time discharge curve. C^. is the total energy delivered 
before the volt^e dropped below 0.9 volts. Corrosion rates were measured at various points 
throu^ the discharge history ofthe test cells, namely, at 0% discharge, 20% discharge, arid 
50%discharge. 

From Table 2 it can be seen that the corrosion rate of small particles is much greater 

than that ofthe larger particles. Addition of PEG reduced corrosion but reduced the plateau 

voltage and increased the passivation resistance. From these data, it is concluded that 

removing the smaller fraction of zinc from a batch of zinc particles reduces the corrosion rata. 

It has been found by furflier experiments that if the particles below 75 microns are removed 
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from a zinc batch, the corrosion rate is lowered to the point comparable to the above large 
particle samples. Preferably, the particles below 100 microns in size are removed. 

Fig. 2 shows the effects of mechanical shocks on the discharge voltage of five (5) 
zinc-air battery cells. A, B, C, D, and E, having differait proportions of PEG and having 
5 different porosities (the greater the concentration of PEG corresponds to lesser porosity). At 
times I, n, and HI, the battery cells were dropped onto a rigid surface at increasing heights. 
As shown in the chart, PEG affects the cell*s reaction to shock. At concentrations of 10 ppm, 
the battery cell e:q)erienced a drop of .135 volts or approximately 10% when dropped from a 
height of 1 0 cm. This drop was less than .02 volts, or 2%, when the PEG concentration was 

10 . increased to 50 ppm. increasing the concentration fimfaer results in a minor improvement in 
shock resistance with a significant drop in discharge voltage. Al&ough the discharge voltage 
of the 10 ppm. cell benefited from the lower concentration levels, this benefit was more than 
ofifeet by the shock effects when droi^}ed more than 1 0 cm:. 

To increase the performance of the cell, especially when exposed to low temperatures, 

15 a low viscosity diluent can be added to the 2dnc electrolyte mixture, l&can^les of suitable 
diluents are isopropanol, isobutanol, and secbutanol, and long chain and branched alcohols. 
Concentrations of 5% by weigiht of a low viscosity dihient have been foimdto increase the 
discharge voltage by 60mV. 

To increase the energy edacity of the cell, alimma (AI2O3) can be added to the zinc 

20 mixture. Concentrationsofalimnnaofl% by weight have been found to increase capacity by 
about 10%. However, the addition of ahnnina tends to decrease the discharge voltage of the 
cell. This voltage decrease can be of&et through flie addition of a diluent, as described above. 

Refening to Figs. 3 and 4, the two grs^hs show the effects tiiat alumina and isopranol 
have on a battery cell v/hca the battery cell is exposed to low temperature environments. 

25 Figure 3 shows the discharge voltage of a battery cell with the additives at 25*'C, and Figure 4 
shows an identically-configured ceU at O^C. In die lower temperature environment (Fig. 4), 
both the discharge voltage and the energy edacity of a cdl vnih the additives exceeded those 
of the cell witiiout the additives. In the higher temperature enviroimient (Fig. 3) the additives 
neither he^ed nor hurt the performance of tiie battery ceO. 

30 Corrosion resistance of the zinc anode is also accon^lished through a coating on the 

metal casing. The zinc anode can react galvanically with the metal of tiie casing, resulting in 
corrosion and the generation of hydrogoi (gassing). < Gassing increases the internal pressure of 
the battery cell, which also increases the likelihood that the battery cell will leak. The 
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generation of hydrogen can cause a cell to fail within hours of assembly. 

The following zinc/electrolyte/ccrrosion-inhibitor combination was formed as an 
example that displays the above properties. 

1 . 560 grams of zinc powder (thermal zinc) fi:om Mitsui Mining & Smelting Co. 
5 Ltd., ABI grade is mixed with 5 grams of Caibopol 941, a gelling agent, to forai a 

uniform zinc/geUing agent mixture. 

2. 27.4 grams of ZnO from Durham, Electrolux grade, is mixed with a liter of 
ddonized water, 8.5 M in KOH, to form zincate solution. Electrolytic zinc is formed 
by electroplating the 2iac from the zincate solution onto a metal sheet The 

1 0 electrolytic zinc is added to 435 grams of a deionized water solution of 8.5 M KOH 

fmm Oxycheth Co. at a proportion of 22 grams of electrolytic zinc for every liter of 
dioinized water to form a zinc/water solution. 

3. The zinc water solution is mixed with the zinc/geDing agent mixture to form a 
blend containing 56.0:0.5:43.5 by weight of zinc powdenCaibopol:KOH. The blend 

15 is stored for 24 hours and separated into the desired dosage. 

To limit gasigfng and cozrosion, a layer of tin is coated onto the interior side of the 
casmg,. thereby separating the zinc anode from the metal casing- A conqjlete electrical 
separation is not preferred since, in most zinc-air cells, the casing acts as an current collector 
20 of the cell, and the anode is electrically connected to this current collector through its contact 
with the casing. 

The thickness and the manner of application play major roles in the effectiveness of 
the coating. Tests conducted on cells with a coating of indium of 11 microns and 33 microns 
revealed that the corrosion rate improved 320% - 900% from tiie thinno- to the thicker 
25- coating. The average corrosion rate of a cell with all microns thick coating of indium was 
0.32% to 0.36% pet week. This average decreased to 0.04% to 0.1% for a 33 microns thick 



Fomiing a unifonn and complete coating of tin can be accomplished by soldering, 
electrolytic plating, and electroless plating. Tin can be soldered onto fee surface of the casing 
30 by melting the tin and spreading it over one or both surfaces. Tin can also be added by an 
electrolytic process on either or both sides of the casing element An electroless process can 
also be used. Applying tin through a well-known electrol^s process requires the presence of 
a copper support layer. 

15 
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Referring now to Fig. 5 showing an anode casing element 100 formed of three layers 
of different materials, a layer of copper 105 forms the inner surface of the casing element 100, 
and a layer of nickel 110 forms the outer surface of the casing element 100. Between the two 
layers 105, 1 10 is a layer of stainless steel 115. The combination of the three layers 105, 110, 
and 115 provides the casing element 1 00 with material properties that are not found in a 
single material. The layer of nickel 110 provides the casing element 1 00 with improved 
electrical connectivity properties with the electronic device. The layer of nickel 110 also 
protects the layer of stainless steel 1 15 from the atmospheric conditions, which can cause the 
layer 115 to oxidize and corrode. The layer of stainless steel 115 provides strength to the 
structure of the casing element 100. The layer of copper 1 05 protects the layer of stainless 
steel 1 15 and the metal anode &cm reacting witib eadi o&ef and also provides a surfece for 
the electroless plating of the protective layer of tin. 

Copper is required for the electroless plating of tin. SnO or SnClj reacts with the 
copper layer 105 in a bath containing thiourea. The layer of tin (not shown) formed on the 
a^er layer 105 has been found to inhibit the corrosion of the metal anode. 

The casing element 100 may also be formed of two layers instead of three, with the 
layer of nickel 110 eliminated. The nickel layer 110 does not assist with the inhibition of the 
reactivity between the zinc anode aiui the casing element 110, and is tiierefore, not absolutely 
essential to the benefit exhibited 

Furthffl-, a casmg element may also have two hcyas of copper and one layer of 
stainless steeL For example, referring to Fig. 6 showing such an arrangement in an alternative 
casing element 120, a layer of copper 125 forms the inner suifece of the casing element 120 
and a layer of copper 125 also forms the outer surfiace of the casing element 120, with the 
copper layers 125 sandwiching a layer of stainless steel 130. 

When this casing element 120 is immersed in a bath containing thiourea and SnO or 
SnClj, layers of tin (not shown) are formed on both sides of tiie casing element 120. The 
layer of tin on the outer surfece of the casing element 120 protects the casing element Smm 
corrosion in ambient air. 

AnothCT solution to tiie corrosion problem is to coat a substantial portion of the inner 
surfece of the casii^ element with an insulator, such as an epoxy. Smce tiie chemical reaction 
rate between the zinc anode and the casing element is directly related to the area of the 
exposed surface of the casing element to the zinc anode, a reduction of this exposed surface 
area reduces the rate of corrosion. However, some exposure should remain since the casing 
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element acts as a current collector of the ceil, and electrical connectivity between the 2dnc 
anode and casiBg element should remain for the casing element to perform this function. 
Examples of suitable insulting materials include tar and epoxy. 

To further improve the performance the efSciency of the battery cell, a zinc/electrolyte 
5 mixture should contain a lesser concentration of zinc than the mixture employed in the prior 
art Concentraticns of 60% zinc by weight, instead of 70-80% zinc as used in the prior art, 
ensures that a greater portion of fee zinc is utilized. Larger concentrations of zinc results in a 
drier mixture that is more susceptible to desiccation and the attendant decreased enei^ 
capacity. Metal-air battay cells are particularly susceptible to dry-out 

10 It will be evident to those skilled in the art that the invention is not limited to the 

details of the foregoing illustrative embodiments, and that the present mvention may be 
embodied in other specific forms without departing from the spirit or essential attributes 
thereof. The present embodiments are therefore to be consid«ed in all respects as illustrative 
and not restrictive, the scope of the invention being indicated by thes^jpended claims rather 

15 than by the foregoing description, and all changes which come within the meaning and range 
of equivalency of the claims are thar^ore intended to be embraced herein. 
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What is claimed is: 
1. A metal-alkaiine battery cell comprising: 

a cathode including a catalyst and a conductive material;- 
a first terminal electrically connected to the cathode; 

a. mixture including an electrolyte and particle-size-selected metal, said 
particle-size-selected metal having a normal distribution wherein an amount of said 
metal below about 75 microns is less than that predictable from the shape of the 
particle size distribution curve; 

a second terminal electronically comiected to said mixture; and 
a separator located between the cathode and the mixture, in physical contact 
with the cathode and with the mixture, said separator being of such material as to 
permit ions to travel between the cathode and the mixture and to block metal particles 



jri 

ii3' j from contacting the cathode. 

■ ' ■ ■ ' . ' 

ifi ■ .2. The battery ceE of claim 1, wherein the whereiri the particle-size-selected metal . . 

'■^ 15 includes particle-size-selected ziiic. 

i!? . " . ' " _ ' _ 

i'^, • -3. The battery cell of claim 2, wherein theparticie-size-selected zinc accotmts for about 

^ J ' 60% of ttie mixture by weighL 

20 4-. Thebattery ceU of claim!, wherein the mixture includes electrolytic zm 

5. The battery cell of claim 4, wherein a ratio of electrolytic zinc to particle-'size-selected 
zinc in the mixtore is "between about 1:9 and about 1:1. 

25- 6. The battery cell of claim 4, whereia the electrolytic zinc and the particlersize^selected • 
zinc, taken togeliier, account for about.60% of the rdixture by weight . 

7. ' ThebatteryceD of claim 1, wherein the conductive material includes caibon. 



30 



8. The battery cell of claim 1, wherein the separator includes a 
polytetrafluoroethylene-containing compound. 

9. The battery csU of claim 1 , wherein fee mistm-e includes a gelling agent. 
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10. Tne battery eel] of claim 1, wherem 1iie particle- size-selected metal contains a 
substantial amount of particles with, sizes that are close to the predeteimined size. 

The battery cell of claim :10. wberein-snbstantially aU particles contained -in the. 
particle-size-selected metal are smaller than about 500 microns. 

i 12. ll.e battery cell of ckimi 10, whdrein substanliaUy an particles xon 
pardcle-size-selected metal -are smaller than about 500 microns.' 

1 . ■ 

j 13- ^ Tlie battery cell of Uaim 1, ^erein.a corrosion-inhibiting agent is aHoy^i in the 
pardcle-size-seiected metal 

14. 'A metal-air battery cell comprising: 

an air electrode; 

a first terminal electrically connected to the air electrode;" 

a mixture - including an electrolyte and" paiticle-size-selected metal, said ' ' 
particle size-selected metal having a normal distribution wherein an amount of said 
metal below about 75 microns is less than that predictable from the shape of the 
particle size distribution curve; 

a second terminal electronically connected to said mixture; and 
a separator located between the air electrode and the mixture, in physical 
contact with the air electrode and with the mixture, said separator being of such 
material as to permit ions to travel between the air electrode and the mixture and to 
block metal particles from contacting the air electrode. 

15. The battery cell of claim 14, wherein the separator includes a 
polytetrafluoroethylene-containing compound. 

16- The battery ceU" of claim 14; wherein the particle-size-selected metal includes particie- 
size-seiected zinc. 
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17. The batteiy cell of claim 16, ^v-herem the particle-size-seiected zLnc contains a 
substantial amoiant of paiticles vvith sizes that are close to the pred^^^ 

. ■ 18. ^«^^«^^eI3 of claim,17;^i,erein substantially all paiticks^ 
. ^ P^rticle-size-sdected zinc are smaller than Politico. microns: 
.. ■-•19. " •'I^e-batteryceUofclaimilS, wherein snbstantia^ ' . 

• . ■ . particle-size-seiected zinc are smaller than about 500 miarons. 

;20. "^e battery ceUofclaimil7,-wherein the mixture includes a ge^ 

21, • "ITie battery cen of claim 17, wherem a coirosion-inhibiting agent is aDoy«^ 
■ particle-size-seiected zinc. ■ ' . 

p2. The battoy ceU of claim 1 7, ' wherein Ihe paiticle-size-selected zinc accounts for about " 

irfp , 60% of the mixture by weight 

« 15 ■ . • ■ ■ . • 

23. ■ ■ . The.battexy ceU of claim ^ 1 7, wherein the mixture includes electrolytic zinc:' 
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i 24. The battery ceH of claiml23, wherein a ratio of electrolytic zinc to particle-size- 
selected zinc in the mixture is between about 1 :9 and about 1:1. 



. r 
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25. The battery cell of claim;23, wherein fee electrolytic zinc and fee particle-size-selected 
iinc, tal^en together, account for ab.out.60% of the mixture by weight " 

26. A method of forming a coirosion resistant metal-air' battery ' cell comprising, 
the steps of: 

forming a mixture by mixing ingredients including an electrolyte and 
particle-size-selected metal, said particle size-selected metal having a normal 
_ _ distribution wherein an amount of said metal below about 75 microns is less than that " 
. predictable from the shape ofthe particle size distribution curve; 

electrically comiecting a first terminal to the mixture obtained in the forming 



step; 
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obtaiiiing an air electrode witb a second terminal connected thereto; and 
positioning a separator between the air electrode and the mixture, in physical 
contact with the air elsctrode and with the mdxture, wherein the separator permits ions 
to travel between the air electrode and the mixture and blocks metal particles from 
contacting the air electrode. ■ 

' 27 method of claim 26 .wherein the particle-sizs-selected metal contains a stibstantia] 

amotrnt of pardcles witii'sizes that are close to the predetermined size. 
... 23.' ■ -niemethod of cIaim''2Z,wher«inthepardcle-size-selected metal m^^ 
size-selected "zinc." 

\f\ ■ ■ ■ ■ ' ■ 

! 29 . -Qje method of claim 27, wherein substantially all particles contained in the particle- 
size-selected metal are smaBex than. ahoTit 500 microns. 

30-. . The method of ciaim27^ -whereiiL.tiie pardclersize-selected metal includes particle- 
size-selected zinc. ■ i- 



;U5 



31. The. method of claimi 27, vmexein substantiiaUy afl pardcles contain 
*!l • size-selected metal are smaller than about 500 microns. 

■■ 20 ' method of claim'27, -wherein; the pardcle-size-selected metal is obtained by • 

removing sxibstantially an metal particleis that are smaller than the predet 
batch of metal particles.- 

33.. The method of claim 32; wherein a sieve is ttsed to remove subsiantiaJQy all of the 
25 metal particles that are smaller than the predetermined size. 

34. The method of claim* 27, wherein the mixture formed in the forming stq) includes a 
gelling agent 

30 35. The method of ciaiin 27, wherem a corrosion-inMbiting agent is alloyed in the- 
' particle-size-seiected metal. 

36. ■ The method of claim 27, wherein the particle-size-selected metal includes particle- 
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size-selected zinc, and the particie-size-selected zinc acccukts for about 60% by weight of the 
mixture formed in liie forming step. 

37. " The method of claiin:27 , ■ wherein the particle-size-selected metal includes particle- • 
size-selected zinc, and the mixture formed in the fonning step includes electrolytic zinc. 

38. Tlie method ofclaim 37, wherein a raiio of eleclrolytic zinc to particle-size-se 
zinc in the mixture formed in the foiming step is between, about 1 :9 and about 1:1. 

39. Hae method of claim iST, wherein the electrolytic zinc and the pardcle-size-selected 
ziac, taken together, account for about 60% by weight of the mixture formed in' the fo rmrn g 

40. A metal-alkaline battery cell comprising: 

a cathode including a catalyst and a conductive material; 
a first terminal electrically connected to the cathode; 

an anode mixture including an electrolyte and thermal zinc, said thermal zinc 
having a normal particle size distribution characteristic of thermal generation of said 
thermal zinc except for a precipitous truncation of said normal particle distribution 
such as would result from a sieving operation applied to thermal zinc; 
a second terminal electronically connected to said mixture; and 
a separator located between the cathode and the mixture, in physical contact 
i with the cathode and with the mixture, said separator being of such material as to 
permit ions to travel between the catbode and the mixture and to block metal particles 
from contacting the cathode. 

41; A metal-air battery cell comprising: 
an air electrode; 

a first terminal electrically connected to the air electrode; 

an anode mixture including an electrolyte and thermal zinc, said thermal zinc 
having a c characteristic of thermal generation of said thermal zinc except for a 
precipitoxis truncation of said particle-size-selected material, said 
particle-size-selected material having a random particle size distribution characteristic 
of a sieving operation applied to thermal zinc,- such as would result from a. sieving 
operation applied to said thermal zinc; 
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a second terminal electronically connected to said mixture; and 
a separator located between the air electrode and the mixture, in physical 
contact with the air electrode and with the mixture, said separator being of such' 
material as to permit ions to travel between the air electrode and the mixture and to 
• 5 block metal particles froni contacting the air electrode. 

42. A method of forniing a corrosion resistant metal-air battery cell comprising • 
the steps of: 

forming an anode mixture by mixing ingredients including an electrolyte and= 
Q ^ ^ thermal zinc, said thermal zinc having a normal particle size distribution characteristic 
■ of thermal generation of said thermal janc except for a precipitous truncation of said 
' ■ inormal ■ particle size . distributioni - such as would result &om a sieving operation 

m ■ ' .• • ■ 

i -ij applied to thermal zmc; 

;i5 electrically connecting a first terminal to the anode mixture obtained in the 

. iforming step; ... 
; obtaining an air electrode with a second terminal connected thereto; and 
j'";' positioning a separator between the air electrode and the anode mixture, in physical' 

i j contact with the air electrode and with the anode mixture, wherein the separator permite 

ions to travel between the air electrode and the anode mixture and blocks metal particles 

20 

from contacting the air electrode. 
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